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Abstract 26
Although there is general consensus that deep brain stimulation (DBS) yields 27 substantial clinical benefit in patients with Parkinson's disease (PD), the therapeutic 28 mechanism of DBS remains a matter of debate. Recent studies demonstrate that DBS 29 targeting the globus pallidus internus (GPi-DBS) suppresses pathological oscillations in 30 firing rate and between-cell spike synchrony in the vicinity of the electrode, but has 31 negligible effects on population-level firing rate, or the prevalence of burst firing. The 32 present investigation examines the downstream consequences of GPi-DBS at the level of 33 the primary motor cortex (M1). Multi-electrode, single cell recordings were conducted in 34 the M1 of two parkinsonian nonhuman primates (M. fasicularis). GPi-DBS that induced 35 significant reductions in muscular rigidity also reduced the prevalence of both beta (12 -30 36 Hz) oscillations in single unit firing rates and of coherent spiking between pairs of M1 37 neurons. In individual neurons, GPi-DBS-induced increases in mean firing rate were 3 38 times more common than decreases; however, averaged across the population of M1 39 neurons, GPi-DBS induced no net change in mean firing rate. The population-level 40 prevalence of burst firing was also not affected by GPi-DBS. The results are consistent 41 with the hypothesis that suppression of both pathological, beta oscillations and 42 synchronous activity throughout the cortico-basal ganglia network is a major therapeutic 43 mechanism of GPi-DBS. 44 45 46 47 48 49 al. 1995; Boraud et al. 1996; Dostrovsky et al. 2000) . It was suggested that this inhibition 72 of BG output reduces the excessive inhibitory tone impinging on the motor cortex. 73
We have recently reported that therapeutic GPi-DBS in parkinsonian nonhuman 74 primates (NHPs) induces a complex combination of changes in activity in the pallidum 75 (McCairn and Turner 2009 ). At the single unit level, this includes increases or decreases in 76 tonic firing rate, plus phasic and dynamic entrainment by the stimulation pulse. Across the 77 population, however, we observed only a negligible reduction in mean firing rate (-6.9 78 sp/s) and no change in burstiness. In contrast, beta oscillations and synchrony were 79 These findings suggest that suppression of system-wide pathological oscillations 83 and synchrony are important components of the mechanism of action of GPi-DBS. To test 84 that hypothesis, we studied the effects of GPi-DBS on the activity of multiple single units 85 in the M1 of macaque monkeys that were rendered parkinsonian using 1-methyl-4-phenyl-86 1,2,3,6-tetrahydropyridine (MPTP). 87
Antidromic-driven high-frequency resonance in cortex has been postulated to play 88 key a role in the therapeutic mechanism of STN-DBS (Li et al. 2007 ; Dejean et al. 2009 ; 89 Gradinaru et al. 2009; Li et al. 2012 ) and perhaps GPi-DBS as well (Johnson et al. 2009 ). 90
Our experimental methods allowed us to assay directly the prevalence of antidromic-like 91 driving, and thus, the potential involvement of high-frequency resonance of M1 during 92 therapeutic GPi-DBS. 93
Methods 94
Two mature female (3 kg & 4 kg) cynomolgus macaques (M. fasicularis) were 95 used for this study (Monkey C and Monkey E). All aspects of animal use were approved 96 by the UCSF Animal Care and Use Committee and were in accord with the ''Guide for the 97 Care and Use of Laboratory Animals'' (National Research Council, 1996) . 98
Surgery 99
After the animal was acclimatized to the recording environment, the animal 100 underwent aseptic surgery under isoflurane anesthesia, following ketamine induction (10 101 mg/kg IM). A cylindrical titanium recording chamber (19 mm inner diameter) was 102 implanted over a craniotomy to allow access to the right GP and M1 via a coronal 103 approach (Szabo and Cowan 1984) until a stable, moderate to severe parkinsonism was induced. Symptom severity was rated 114 regularly according to a scale developed by Schneider et al. (Schneider et al. 2003) . 115
Indwelling GPi-DBS macroelectrode 116
Standard microelectrode mapping was used to identify the chamber coordinates for 117 DBS electrode placement, which allowed targeting of the GPi. A custom DBS electrode 118 was assembled from two Teflon-coated Pt-Ir microwires (50 μm diameter) glued inside a 5 119 mm length of 28 gauge stainless steel cannula (Turner and DeLong 2000; McCairn and 120 Turner 2009 ). The cut ends of the microwires extended below the cannula tip by 1.0 and 121 1.5 mm. Insulation was stripped from ~0.5 mm of the distal ends of each microwire 122 (surface areas ~0.08 mm 2 , impedance 5-10 kOhm at 1 kHz, charge density was 100 µC.cm 123 -2 .phase -1 ). The electrode assembly was implanted transdurally, via the chronic recording 124 chamber using a protective guide cannula (26 gauge) and stylus mounted in the 125 microdrive. Upon reaching the target location for implantation, the guide tube and stylus 126 were withdrawn, and the electrode assembly was left floating in the brain with only the 127 proximal ends of the microwires exiting the dura. The proximal ends were led through a 128 port in the side of the recording chamber (which was subsequently sealed with 129 cyanoacrylate glue) and soldered to a head-mounted connector. 130
Clinical testing 131
To measure the therapeutic effects of GPi-DBS, transient changes in posture and 132 rigidity were measured at the elbow joint using a servo-controlled torque motor (Aerotech, 133 Pittsburgh, PA). During torque testing, the animal's left arm (contralateral to the DBS 134 electrode), was held in the horizontal plane and secured in a padded splint, with the elbow 135 joint aligned with the vertical axis of rotation of the motor. The motor moved the elbow 136 through a sinusoidal displacement of ± 20 0 around the elbow's neutral position at a cycle 137 rate of 1 Hz, with reactive torque sampled from the motor at a rate of 1 KHz (Fig. 2Bi ). 138
Significant changes in the work required to move the elbow were detected by converting 139 the torque transients per sinusoid into total 'work' required expressed as Newton 140 meters/degree (McCairn and Turner 2009) . These data were then tested for significance by 141 constructing histograms of the mean work on-and off-stimulation, with confidence limits 142 set at P = 0.01 ( Fig. 2Bii ) . 143
Data acquisition and artifact subtraction 144
The extracellular activity of multiple single neurons in M1 was sampled using a 4-145 electrode microdrive and glass-insulated tungsten microelectrodes (0.5-1.0 MOhm 146 impedance; MT, Alpha Omega Engineering, Nazareth, Israel). Data were passed through a 147 low-gain headstage (gain = 4 ×, 2 Hz to 7.5 kHz bandpass) and then digitized at 24 kHz 148 (16 bit resolution, Tucker Davis Technologies, Alachua, FL). The digitized signals were 149 filtered (300 Hz -6 kHz; First order Butterworth) and saved to disk either as continuous 150 data or as 38 sample-long snippets of the continuous data stream. 151
During periods of GPi-DBS, online signal processing (Tucker Davis Technologies,  152 Alachua, FL, USA) was used to eliminate the large stimulation-induced electrical artifacts in the 153 neuronal recordings ( Fig. 2Ai -iii). This was accomplished through: use of a low gain headstage 154 and preamplifier and 16-bit A/D conversion to prevent artifact-induced saturation of the analog 155 electronics, synchronization of stimulus delivery, analog-to-digital conversion, and artifact 156 subtraction using the same microsecond-accurate clock, thereby eliminating shock-to-shock 157 variation in the shape of the artifact caused by temporal jitter, and subtraction of an artifact 158 "template" from the data stream at the time of every shock. The template was computed as a 6.1 159 ms-long moving average of the previous 100 shocks. Thus, the template was allowed to change 160 over time in response to gradual changes in artifact shape (e.g., due to changes in an animal's 161 posture). This artifact subtraction algorithm was applied in real-time during simultaneous data 162 acquisition across four channels so that its efficacy could be monitored. Valid operation of the 163 subtraction method was readily apparent during data collection in that stimulation-related voltage 164 transients were absent from the signals played back on oscilloscope and audio monitors. Off-line 165 analyses, using custom Matlab scripts, were used to verify that stimulation-related voltage 166 transients were not included in the action potentials of sorted spikes, and that the subtraction 167 method did not distort the shapes of spike waveforms. Additional quality testing of spike 168 waveforms during stimulation was achieved through constructing peri-stimulus sweeps of the 169 recorded signal aligned to each stimulus pulse. The mean waveform shape was analyzed in 2 ms 170 epochs pre-and-post stimulus delivery to determine that action potentials were of a consistent 171 size and shape with those recorded outside the stimulus period ( Inc., Plano, TX). Neurons were accepted for further analysis if they met the following 197 criteria: (1) the recording was from a location within the primary motor cortex (defined by 198 microelectrode mapping, sensitivity to sensory driving, and microstimulation), (2) a unit's 199 action potentials were of a consistent shape and could be separated with a high degree of 200 certainty from the background noise and other recorded units, (3) no more than 0.1% of the 201 unit's inter-spike intervals (ISIs) were < 1.5 ms, (4) stable unit isolation was present for a 202 minimum of three stimulation periods with corresponding control periods, and (5) there 203 was no evidence that single unit isolation was corrupted by the appearance of voltage 204 transients caused by GPi-DBS. Following sorting, each neuron's autocorrelation function 205 was inspected to determine that each unit displayed a clear refractory period. This 206 precluded the possibility that the identified unit was corrupted by shock artifacts. 207
The primary tests for long-duration effects of DBS on a neuron's firing were 208 performed on a histogram constructed around DBSon (i.e., a peri-DBS histogram, PdbsH, 209 bin size = 1 s). Significant responses to GPi-DBS were initially determined via 99% 210 confidence interval threshold crossings. The latency of any significant response was 211 taken as the first bin that crossed the 99% confidence interval relative to the start of DBS. 212
To calculate population-scale mean firing rate changes during GPi-DBS, the data were 213 normalized by subtracting the mean of the 30 s pre-stimulation data just prior to DBSon, 214 to give a measure of neural activity around a baseline of zero. To assess the stability of 215 any rate changes across the stimulation period, the peri-stimulus histogram was divided 216 into equal epochs covering the pre-, actual, and post-stimulation period, each consisting 217 of 10 s. The data for each stimulation period (epochs 4 -6) were compared to control 218 periods (epochs 1 -3) and post-stimulation periods (epochs 7 -9) using multi-219 comparison ANOVA with Tukey's HSD error correction ( Fig. 3) . 220 DBS-induced changes to the pattern of firing were investigated by building ISI 221 histograms and testing the coefficient of variation (CV). The different experimental states 222 (DBSon and DBSoff) were concatenated, and only sessions with > 1000 spikes were used 223 for further analysis. The data from each neuron were then pooled and differences in mean 224 CV between the experimental states were determined using Student's t-Test. 225
Burst discharges were detected using the Legendy surprise method (Legendy and 226 Salcman 1985) which is described in detail by Wichmann and Soares (Wichmann and 227 Soares 2006 ). Bursts were defined as groups of three or more spikes whose ISIs were 228 unusually short compared with other ISIs of a spiketrain. The parameters for analysis 229 used a surprise threshold of 5, which equates to an alpha < 0.001 that the candidate burst pre-burst firing rate (500 ms immediately prior to burst onset) was subtracted from each 243 burst-triggered average to aid comparison between stimulation conditions. Significant 244 differences between the two states were tested for by performing a t-Test across the 245 concatenated pre-and-post DBS matrices, which gave a P-value for each analyzed bin. 246
Comparing burst-triggered averages provided a way to detect potential effects of DBS on 247 the general structure of bursts without extracting an unreasonably large number of burst 248
parameters. 249
Oscillations in neuronal activity were detected using methods adapted from 250 previous studies (McCairn and Turner After MPTP administration, both animals showed moderate to severe parkinsonian signs 290 bilaterally. Daily symptom ratings using the Schneider scale for parkinsonism (Schneider et al. 291 2003) were 37 and 38 for the two animals, compared with a mean of 8 prior to MPTP treatment. 292
Observable symptoms included decreased spontaneous movement, limb rigidity, bradykinesia, 293 action tremor, and stooped posture. Both animals had very low rates of spontaneous movement 294 in their home cages (mean 9.0 movements/min), compared with the >50 movements/min rate 295 typical for neurologically intact macaques. 296
Postmortem histological examination confirmed that the stimulating electrode targeted 297 the GPi in both animals, an example of which is shown in (Fig. 1Ai ). In the figure, gliosis caused 298 by the macro-electrode assembly is visible; the tip of the stimulating probe and actual site of 299 stimulation (indicated by an arrow) is located in the dorso-medial regions of the GPi, adjacent to 300 the internal capsule. The animals also showed widespread depletion of tyrosine hydroxylase, the 301 rate limiting enzyme for conversion of tyrosine to DA (Fig. 1Aii ). Preserved fibers in the 302 example shown here (indicated by arrows) can be seen at the level of the ventral caudate ( Fig.  303 1Aii), a common feature observed with MPTP toxicity (Jan et al. 2003) . 304
GPi-DBS was associated with a reduction in muscular rigidity, which persisted for 305 > 10 s following the cessation of GPi-DBS ( Fig. 2Bii ). GPi-DBS was also associated with 306 an increase in transient postural shifts; these changes in body posture were readily 307 detectable in the torque traces as the animal moved against the arm that was fixed in the 308 splint of the torque motor (Fig. 2Biii ). The behavioral results with respect to muscular 309 rigidity and postural transients have been published previously, and a more detailed Fig. 3B and 3D]. Increases in firing were more common than decreases (χ 2 = 9.4, P 321 <0.01). There was, however, no significant difference in the latency of firing rate changes 322 for the two response types. The mean onset latency was 2.7 s (SD ± 2.9) for increases in 323 firing rate, and 2.0 s (SD ± 3.4 t-Test P = 0.4) for decreased firing rates. Across the 324 population, GPi-DBS had no net effect on the population mean firing rate (Fig. 3E) . The 325 population mean firing rate was slightly elevated during the stimulation period (+0. 46 sp/s 326 ± 0.17), but this increase was non-significant (P = 0.05, ANOVA). 327 that few cells (11%, n = 15) showed a change in the prevalence of burst firing between the two 352 states, and those cells were split evenly between increased and decreased burstiness with 353 stimulation (n=7 and n=8, respectively). Figure 4Ai shows an example of decreased burst firing 354 following the onset of stimulation. In the figure, the rasters show spike times relative to DBSon 355 (black tic marks) and each red tick mark corresponds to the start of an identified burst (DBSoff 356 burst/sec median = 12, DBSon burst/sec median = 0, Wilcoxon rank sum P = 0.0003). Figure  357 4Aii shows an example of a cell that increased its propensity to fire in bursts following the onset 358 of stimulation (DBSoff burst/sec median = 0, DBSon burst/sec median = 5, Wilcoxon rank sum P 359 = 0.0006). The low number of cells with modified burst firing between the two states and 360 roughly equal propensity to decrease and increase burstiness, led to no significant change in 361 measures of burst firing across the population (paired t-Test Ps > 0.2; Fig. 4Bi-ii) . Similarly, the 362 population-averaged burst structure was indistinguishable on-and off-stimulation ( Fig. 4Biii) . 363
Coefficients of variation (CV) of ISIs also showed no difference between the off-and on-364 stimulation conditions (DBSoff CV = 1.29, SD ± 0.5 vs. DBSon CV = 1.3, SD ± 0.7, paired t-365
Test P = 0.7; Fig. 4Biv ). Therefore, although GPi-DBS affected the prevalence and structure of 366 bursts in some individual neurons, these effects yielded no net change in the amount or pattern of 367 burst-firing, or regularity of firing when averaged across the population. 368
GPi-DBS suppressed beta oscillatory activity 369
A subset of M1 neurons (20%, n = 27) displayed significant rhythmic firing in the 370 beta (12 -30 Hz) frequency band (Fig. 5 ). The mean oscillation frequency for these cells 371 was 17.25 Hz, ± 4.0). Figure 5A , shows an example of an M1 neuron's autocorrelation 372 function off-and on-stimulation. In the off-stimulation condition (black), the 373 autocorrelation function shows substantial peaks and valleys indicative of oscillatory firing 374 in the beta frequency range. This motif transitioned to a flatter profile in the on-stimulation 375 condition (gray trace, Fig. 5A ). Spectral analysis of this neuron's spike-train showed a 376 marked peak at 14.8 Hz in the off-stimulation condition that was attenuated significantly 377 during GPi-DBS. Consistent with the observation that short-latency entrainment and high-378 frequency resonance were rare in our data, the reduction in beta oscillations was achieved 379 without the appearance of peaks at the frequency of stimulation (150 Hz) or its lower 380 harmonics (Fig. 5B ). GPi-DBS reduced oscillatory power in all beta-rhythmic cells but 381 one, causing a significant reduction in the overall prevalence of oscillatory activity (χ 2 = 382 27.01, P = <0.0001; Fig. 5C ). In contrast, the prevalence of high-frequency oscillations did 383 not differ significantly between DBSon and DBSoff conditions (i.e., the gamma band and 384 oscillations between gamma and 200Hz). 385
GPi-DBS also reduced oscillations that were coherent (i.e. synchronized) between 386 neuron pairs in M1. A total of 207 neuronal pairs were sampled simultaneously from 387 different electrodes. Coherent activity below 30 Hz was found in 18% of the recorded 388 pairs. Figure 6A shows an example in which, prior to stimulation, the firing of a pair of 389 neurons was highly synchronized at 15.6 Hz (R 2 = 0.15) ( Fig. 6A, black trace) . It can be 390 seen that GPi-DBS completely abolished this synchronized oscillation (Fig. 6A, gray  391 trace). In agreement with this example, stimulation reduced the overall prevalence of 392 synchronized firing across the population of cell pairs studied (Fig. 6B, χ and synchronous activity in the beta (12 -30 Hz) range. Antidromic-driven activity and 406 associated high-frequency resonant activity was uncommon in this study. It is, therefore, 407 unlikely that high-frequency resonance in the cortex (e.g., at the 150 Hz stimulation 408 frequency or harmonics) played an important role as a therapeutic mechanism during GPi-409
DBS. 410

Potential confounds and limitations 411
Although we used low-impedance macro-electrodes and clinically relevant currents 412 and frequencies, the experimental electrodes did not replicate the exact geometry of clinical 413 electrodes. Additionally, the pulse width used in this study was 0.2ms (versus <0.1ms used 414 clinically). Another limitation is that we were unable to confidently reconstruct the laminar 415 position or the efferent targets of the M1 neurons studied. Recent work has shown that sub-416 populations within M1 are affected differently by the parkinsonian state (Pasquereau and 417 Turner 2011) . It is also important to recognize that the present results, collected while an 418 animal's arm was being moved passively via a torque motor, may have limited relevance 419 for other behavioral contexts [e.g., in animals at rest or during performance of a behavioral 420 Similarly, in the present study, we found a subset of M1 neurons that showed beta 520 oscillatory activity and pairs of simultaneously-recorded neurons whose firing rates were 521 modulated coherently at beta frequencies. These presumed pathological oscillations were 522 The mechanism for suppression of oscillatory activity in M1 is most likely 529 dependent on the specific nucleus being stimulated. In the case of the STN, it appears that 530 much of the suppressive effect in M1 is achieved through 'sporadic' antidromic 531 activation of the cortex via the internal capsule (Li et al. 2007; Dejean et al. 2009; 532 Gradinaru et al. 2009; Li et al. 2012) . Data from the present study suggest that it is 533 sufficient to suppress oscillatory activity in the output nucleus of the BG (i.e., the GPi) 534 without significantly activating the fibers of the internal capsule to cause a reduction in 535 M1 oscillatory activity. 536
Therapeutic GPi-DBS also suppressed beta range coherence. The role that 537 coherence/synchrony plays in the pathophysiology of parkinsonism has yet to be 538 elucidated. It has been suggested that the increase in coherence/synchrony may reflect a 539 breakdown in the functional segregation of discrete cortico-BG neural circuits (Filion and 
